Outer membranes (OMs) of Salmonella enteritidis, S. anatum, S. typhimurium, and S. infantis were extracted and cross-linked with glutaraldehyde to form a large macromolecular antigen. The antigen consisted of OM proteins and lipopolysaccharide and was designated 4-OMP-LPS. Polyacrylamide gel electrophoresis of extracted OMs from each serotype revealed differences in protein profiles. S. enteritidis and S. infantis possessed a greater variety of proteins than did S. anatum and S. typhimurium. Immunizations with 4-OMP-LPS in phosphate-buffered saline (4-OMP-LPS-C) and 4-OMP-LPS emulsified with muramyl dipeptide in the oil phase of a hexadecane-water emulsion (4-OMP-LPS-MDP) revealed that BALB/c mice were capable of eliciting specific primary and secondary immunoglobulin M (IgM) and IgG responses. Both antigen preparations were capable of eliciting IgM and IgG specific for the cell surfaces of each live Salmonella serotype. Also, 4-OMP-LPS-MDP and 4-OMP-LPS-C were capable of evoking a substantial anamnestic response. Adsorption studies revealed that the combined serotypes had the antigenic capacity to adsorb up to 94% of the antibodies, but 4-OMP-LPS-MDP antibodies were more effectively adsorbed than were 4-OMP-LPS-C antibodies. Adsorption of pooled antiserum with heterologous bacteria yielded a variety of adsorption profiles.
Outer membranes (OMs) of several gram-negative bacteria are capable of eliciting humoral antibody responses (7, 8, 18, 21, 22, 28, 51) . It has been found that outer membrane proteins (OMPs) prepared from Escherichia coli are potent B-cell mitogens capable of inducing a polyclonal antibody response (28) . Additionally, the E. coli OMP preparation was mitogenic for lipopolysaccharide (LPS) nonresponder C3H/HeJ mice and could act as an adjuvant by enhancing antibody responses specific for sheep erythrocytes (28) . Karch and Nixdorff (18) demonstrated that an OMP isolated from Proteus mirabilis had the capacity to elicit antibody responses typical of thymus-dependent antigens. The immunoglobulin G (IgG) response could be increased if the OMP was complexed with either LPS or vesicles of phospholipids extracted from P. mirabilis. Conversely, OMP was capable of significantly increasing the humoral response to LPS by shifting the response from predominantly IgM to predominantly IgG.
Kuusi et al. (22) , by using an OMP (porin) preparation extracted from a rough strain of Salmonella typhimurium, were successful in eliciting high antiporin and high anti-LPS titers in both mice and rabbits. Both porins and rabbit antiserum to porins provided significant protection in mice challenged with smooth S. typhimurium. When the rabbit antiporin serum was adsorbed with an LPS immunosorbent, the protective capacity of the serum did not change, indicating that antiporin antibodies were the protective components. After further purification of the porin preparation (21) to remove LPS and lipoproteins, it was found that the protective capacity of the antiserum against the purified porin preparation was lost. However, on reconstitution of the vaccine with homologous LPS, the protective capacity was restored.
Winter et al. (51) investigated immune responses in cattle vaccinated with whole cells, OMs, and OMPs prepared from Brucella abortus. These workers reported that OMP was capable of inducing significant antibody and delayed hypersensitivity responses. Recently, a purified OMP-F (porin) preparation isolated from Pseudomonas aeruginosa was shown to protect mice both actively and passively (7) . Other studies have reported that mice infected with P. aeruginosa elicited antibodies specific for OMPs (8) .
The observation that OMPs complexed with LPS enhanced the synthesis of IgG (18) suggested that it may be feasible to prepare a novel immunizing agent by crosslinking OM components. Such a preparation would have several advantages over antigens consisting of either single or unconjugated OM components. (i) It would be more economical; (ii) it would allow the construction of OM polyvalent vaccines containing either homologous or heterologous OM antigens; (iii) it would allow the utilization of many OM components that may have a greater enhancing value when cross-linked than if present as single components; (iv) it would present to the immune system surface antigens which may otherwise be hidden in the OM on the intact organism(s); and (v) such a complex molecule containing increased protein may be able to elicit both humoral and cell-mediated immune responses. It is for these reasons that we designed experiments to: (i) ments owing to inadequate quantities of antisera. Data were either significant (P < 0.05), highly significant (P < 0.01), or not significant (P > 0.05).
RESULTS
Comparison of OMPs from Salmonella serotypes by SDS-PAGE. OMPs from each Salmonella serotype were solubilized in 0.0625 M Tris hydrochloride (pH 6.8), separated by SDS-PAGE, and examined by densitometer scanning (Fig. 1  through 4) . Each serotype possessed OMPs with molecular weights ranging from 12K to 120K, which were arbitrarily classified into four electrophoretic regions.
Region I in each serotype provided a contrasting profile on the uniqueness that characterized the OMPs of these organisms. S. enteritidis displayed the greatest variety and quantity of OMPs. Proteins 4, 6, 10, and 12 were shared among S. enteritidis, S. infantis, and S. typhimurium, whereas S. anatum was largely deficient of OMPs. Only protein 4 Low-molecular-weight proteins occurring in region IV were numerous and in high quantity in S. enteritidis, which shared proteins 34 and 36 with S. anatum. S. infantis and S. typhimurium did not possess any major proteins in this region.
Chemical analyses. Chemical analyses revealed that 4-OMP-LPS contained 11.21% nitrogen, 71.10% protein, 0.48% 2-keto-3-deoxyoctonate, and 3.63% hydrolyzable hexosamine. Primary IgM and IgG responses to 4-OMP-LPS. Mice were administered primary doses of immunizing agents on day 0 and monitored on PIDs 7, 14, 21, and 28 for 4-OMP-LPSspecific IgM and IgG. Mice immunized with 4-OMP-LPS-C or 4-OMP-LPS-MDP showed no significant differences (P > 0.05) between treatment groups or days within a treatment group, indicating that the level of specific IgM remained virtually constant from PIDs 7 through 28 and that the addition of MDP did not enhance the IgM response (Fig. 5) . In addition, MDP-C elicited 4-OMP-LPS-specific IgM. This response was quite erratic and did not vary significantly between titers on different days (P > 0.05). Mice immunized with either 4-OMP-LPS-MDP or 4-OMP-LPS-C achieved higher titers than did MDP-C or normal control mice (P < 0.05 or 0.01).
Steady increases in 4-OMP-LPS-specific IgG were produced by both 4-OMP-LPS-MDP-and 4-OMP-LPS-Cimmunized mice over the 28-day experimental period ( (Fig. 5) . Primary IgM titers elicited by either 4-OMP-LPS-C or 4-OMP-LPS-MDP were increased (P < 0.01) by secondary immunizations. However, when titers of 4-OMP-LPS-C-immunized mice were compared with titers of 4-OMP-LPS-MDP-immunized mice, differences in the levels of IgM could not be detected for PIDs 25 MDP-C-immunized mice did not respond to secondary immunizations (P > 0.05). Mice receiving either 4-OMP-LPS-C or 4-OMP-LPS-MDP elicited higher IgM titers than did MDP-C or normal control mice (P < 0.01).
IgG titers (Fig. 6 ) were markedly increased (P < 0.01) after secondary immunizations with either 4-OMP-LPS-MDP or 4-OMP-LPS-C. Mice immunized with 4-OMP-LPS-MDP responded with higher IgG titers on PIDs 25, 30, and 40 than did 4-OMP-LPS-C-immunized mice (P < 0.05). Both treatment groups responded with significantly greater titers than did control mice (P < 0.01).
Specificity of primary IgM and IgG toward live homologous Salmonella spp. Mice were administered primary doses of immunizing agents on day 0 and monitored on PIDs 7, 14, 21, and 28 for S. enteritidis-, S. anatum-, S. typhimurium-, and S. infantis-specific IgM and IgG. Immunizations with either 4-OMP-LPS-MDP or 4-OMP-LPS-C elicited IgM and IgG directed specifically toward the homologous live organisms from which the OMs were extracted (Fig. 7) . Primary immunizations with both 4-OMP-LPS-MDP and 4-OMP-LPS-C induced high levels of IgM specific toward S. enteritidis and S. infantis (Fig. 7A) . In contrast, IgM responses toward S. anatum were comparatively lower. Similarly, immunizations with 4-OMP-LPS-MDP failed to induce S. typhimurium-specificIgM, whereas immunizations with 4-OMP-LPS-C elicited weak responses only on PIDs 7 and 14. Primary immunizations with 4-OMP-LPS-MDP were capable of evoking a specific IgG response toward S. infantis, S. enteritidis, and S. anatum throughout the 28-day experimental period, whereas the IgG response toward S. typhimurium was observed only on PIDs 21 and 28 (Fig. 7B ).
Although immunizations with 4-OMP-LPS-C did not effect a specific IgG response toward S. typhimurium, specific IgG responses were observed for S. infantis, S. anatum, and S. enteritidis. Primary immunizations with 4-OMP-LPS-MDP induced higher IgG titers than did immunizations with 4-OMP-LPS-C (P < 0.05 and P < 0.01).
Specificity anatum, and S. infantis, although 4-OMP-LPS-MDP-immunized mice responded with statistically higher levels (P < 0.05 and P < 0.01) (Fig. 8A) . Secondary IgM titers toward the four serotypes were significantly increased above primary IgM levels by immunizations with 4-OMP-LPS-MDP (P < 0.05), whereas secondary immunizations with 4-OMP-LPS-C did not increase IgM titers (P > 0.05). S. typhimurium IgM titers were lower in comparison with other serotypes (P < 0.05). However, immunizations with 4-OMP-LPS-MDP generally elicited higher S. typhimurium IgM levels than did immunizations with 4-OMP-LPS-C (P < 0.05). Elevated secondary IgG titers toward all serotypes were observed after secondary immunizations with both 4-OMP-LPS-MDP and 4-OMP-LPS-C (Fig. 8B) . IgG titers toward all serotypes in the secondary response were greater than in primary responses after immunizations with 4-OMP-LPS- MDP (P < 0.01). In contrast, mice immunized with 4-OMP-LPS-C had higher IgG responses to only S. enteritidis and S. infantis (P < 0.01). However, 4-OMP-LPS-MDP had the capacity to elicit greater secondary IgG responses toward all serotypes than did 4-OMP-LPS-C (P < 0.05 and P < 0.01). When comparing responses toward all serotypes, it should be noted that immunizations with either 4-OMP-LPS-MDP or 4-OMP-LPS-C induced lower levels of specific IgM and IgG directed toward S. typhimurium. Mice receiving both primary and secondary immunizations of MDP-C, and normal mice, produced no detectable IgM or IgG specific toward any of the four live homologous serotypes.
Reductions of 4-OMP-LPS-specific IgM and IgG titers by adsorption with homologous and heterologous bacteria. 4- OMP-LPS-specific IgM and IgG titers were reduced by adsorption of antisera with homologous Salmonella spp. and heterologous bacteria (Table 2) . Combined homologous Salmonella spp. were highly effective in adsorbing both IgM and IgG from both 4-OMP-LPS-MDP and 4-OMP-LPS-C antisera. Adsorptions with both individual and combined homologous Salmonella spp. resulted in greater reductions of specific IgM and IgG from 4-OMP-LPS-MDP antisera than from 4-OMP-LPS-C antisera.
With the exceptions of P. mirabilis and Staphylococcus epidermidis, 4-OMP-LPS-C IgG was not reduced by any of the heterologous bacteria, whereas 4-OMP-LPS-MDP IgG was reduced by all of the heterologous bacteria except Yersinia enterocolitica. The abilities of heterologous bacteria to reduce the IgM titers of both antisera were comparable, although Arizona hinshawii, Enterobacter aerogenes, Serratia marcescens, and S. epidermidis reduced 4-OMP-LPS-MDP IgM more effectively than 4-OMP-LPS-C IgM.
DISCUSSION
Results described in this study provide substantial evidence that conjugated Salmonella OM extracts have the capacity to elicit considerable IgM and IgG responses in BALB/c mice. These responses were specific toward the live homologous Salmonella serotypes from which the OMs had been extracted.
Within the OM complex, certain types of proteins were shared by all four serotypes; each serotype could be characterized as possessing a unique complement of proteins in regions I and IV. Similar protein constituents in these electrophoretic regions have been reported for other members of the Enterobacteriaceae (12) . It is worth noting, however, that possible differences in OMP profiles may be due to either strain or serotype differences.
Region II was primarily dominated by four major proteins, which appeared to be analogous to the 33K, 34K, 35K, and 36K OM complex described by Ames et al. (2) in S. typhimurium and identified by other investigators (16, 25, 26, 32, 33, 49) in a variety of gram-negative bacteria. Aside from minor quantitative differences, it appears that this complex of proteins can be readily extracted, either fully or partially, by several extraction procedures, whereas other proteins are preferentially extracted (4) . In contrast to the other three serotypes, fewer proteins were found in region II depolymerized the proteins into smaller subunits, which were lost during ultrafiltration. Compared with the other three Salmonella serotypes, S. typhimurium displayed an abundance of protein 26 in region III. We were unable to correlate this result with the findings of other workers (29, 35, 48) who used different extraction procedures. Whether the production of this protein was enhanced by cultivating the organism on blood agar or whether it was an artifact produced during fractionation is unknown. In comparison, proteins 30 and 31 (which were present in all four serotypes) may be analogous to protein III described by Garten et al. (6) and Hofstra and Dankert (12) .
It is interesting to observe that S. typhimurium is not endowed with the same array of OMPs as seen in the other three serotypes investigated in this study and that 4-OMP-LPS preparations elicited weak S. typhimurium responses in contrast to the other three Salmonella serotypes. Although there has been no evidence presented here which explains the biological manifestations of these differences, questions can be posed as to whether these differences are linked to: (i) its virulence, (ii) its inability to induce a protective immune response, or (iii) the prevalence of this serotype in clinical salmonellosis in both humans and animals.
Conjugation BALB/c mice have been shown to be genetically poor responders to Salmonella antigens (38, 39, 41, 42) , but they do respond to bovine serum albumin in the presence of MDP (45) . The present study provides evidence that 4-OMP-LPS, an antigen prepared from the OMs of four Salmonella serotypes, is capable of stimulating BALB/c mice to produce 4-OMP-LPS-specific IgM and IgG antibodies either by itself or in the presence of MDP.
It appears that LPS is required in salmonella-derived immunizing preparations for the attainment of protection, although low levels of LPS are not sufficient to elicit anti-LPS (21) . Chemical analyses of 4-OMP-LPS revealed that small amounts of LPS were present, as indicated by the markers 2-keto-3-deoxyoctonate and hexosamine. Although anti-LPS titers were not determined, high anti-LPS levels were probably not involved, because the amount of LPS it 4-OMP-LPS was low and immunopotentiation was achieved, whereas large amounts of LPS cause immunosuppression (36) .
Another point of interest in these studies is the observation that the adjuvant control (MDP-C) elicited small amounts of 4-OMP-LPS-specific IgM after both primary and secondary immunizations. Perhaps MDP-C activated the syntheses of IgM antibodies directed against intestinal gramnegative surface antigens which cross-react with Salmonella antigens. Since only IgM was elicited, and because IgM is predominantly produced in response to 0-antigens (LPS) (14, 23, 44) , this explanation seems plausible.
Current research in our laboratory is being conducted to determine which of the many OM components of the 4-OMP-LPS conjugated complex contributed to the humoral responses observed in these studies.
